A global heat flow map has been derived from existing observations supplemented in areas without data by an empirical predictor based on tectonic setting and age. In continental areas the predictor is based on the observed correlation of heat flow with age of last tectono-thernaal event, and in oceanic regions on the observed relation of heat flow to age of ocean floor. The predictor was used to assign mean heat flow values to 5 ° X 5 ° grid areas on the globe, weighted according to the relative area of tectonic provinces represented. A spherical harmonic analysis to degree 12 of the heat flow field yields a mean value of 59 mW m -2 , arms residual of 13 mW m -2 , and an amplitude spectrum which decreases gradually and almost monotonically from n = 1. The spherical harmonic representation of the heat flow field is free of the unreal distortions which have characterized earlier analyses based on a geographically sparse data set. Areas with residuals greater than 15 mW In -2 comprise less than 19% of the area of the globe, thus indicating that most heat flow provinces have characteristic dimensions adequately represented in a 12-degree analysis.
Introduction
The heat conducted to the surface of the earth front its interior averages about 60 mW m -2 , and most of the regional variation in the heat flux lies within a factor of three about the mean. Our present knowledge of the regional distribution of the heat flux, and its relationship to tectonic elements certainly must rank among the significant geophysical achievements of the past decade. The principal uses of the heat flow data are in estimating temperatures at shallow depths within the earth, and in serving as a boundary constraint on models of geodynamic processes.
It is convenient to have a functional representation of the surface heat flow, which for data distributed over the globe is most commonly in terms of surface spherical harmonic functions. Spherical harmonic analyses of global heat flow have been reported every few years in progressively greater detail as the data set has grown. In 1963, Lee and MacDonald [1] reported coefficients to degree 2 based on 813 observations; in * Present address: Department of Natural Sciences, University of Michigan-Dearborn, Dearborn, Michigan, U.S.A.
1965, Lee and Uyeda [2] calculated coefficients to degree 3 from 1162 values; and in 1969, Horai and Simmons [3] used 2812 existing observations to calculate coefficients to degree 7. Unfortunately all these previous analyses of the existing measurements have been characterized by unreal distortions in the harmonic representation of the heat flow field, caused by lack of observations in several critical areas. A notable example of these distortions was the "African bubble", a broad heat flow high in excess of 120 mW m -2 extending over much of North Africa, which was a consequence of a few very high observations in the Red Sea, and lack of data to constrain the functions over much of Africa and the Middle East. Lesser but equally improbable features of these previous representations include: a broad high in excess of 100 mW IT1-2 in east Asia, unconstrained by lack of data between Lake Baikal and the Japan Sea; a high of 120 mW m -2 in the Precambrian of East Antarctica where no data exist; and zero or negative heat flow in the South Pacific near Antarctica, also where no data exist. These distortions arise from attempts to find a global expression for a geographically sparse data set. Even at the time of the Horai and Simmons [3 ] analysis, data were available for only 710 of the 2592 5 ° X 5 ° grid areas on the globe, and one third of these were represented by a single measurement. Furthermore, there was extremely poor coverage for most of Africa, South America, Antarctica, and the highlatitude oceans.
The problems associated with the spherical harmonic analysis of a sparse data set may be overcome in two ways: by improving the coverage with measurements in the unrepresented regions; or alternatively, by predicting heat flow in the unsampled regions, thereby creating a synthetic supplement to the existing observations. The former solution will certainly be slow, and in continental areas, an increasingly difficult task. However, a sufficiently adequate understanding of the underlying causes of regional variation in heat flow has now been achieved to make the second solution reasonable. In particular the recognition that continental heat flow is correlated with age of last tectono-thermal mobilization [4] , and oceanic heat flow with tile age of the ocean floor [5] , makes it now possible to use prediction methods with existing tectonic and geologic maps to estimate with considerable confidence mean heat flows for all unsurveyed 5 ° × 5 ° regions.
In this paper we describe an empirical heat flow predictor which is used to supplement existing observations to create a ft)ll global heat flow data set, and the spherical harmonic analysis of the surface heat flow field thereby obtained.
Empirical heat flow predictor
The basis of our heat flow predictor is the correlation of heat flow with tectonic setting. For continents we follow the example of Polyak and Smirnov [4] who recognized that subsets of continental heat flow observations based on age of latest tectono-thermal event are normally distributed about the mean heat flow of that subset and that heat flow decreases from younger to older tectonic elements. Fig. 1 (top) shows the general decrease of continental heat flow with increasing age. We have constructed individual continental predictors from existing heat flow data [6] Predictors for oceanic regions were based on the general decrease of heat flow with age of ocean floor illustrated in Fig. 1 (bottom) . Regional oceanic predictors were used for the North Pacific, South Atlantic, and Indian Oceans and a "typical ocean" predictor, based on mean values, used elsewhere. The param eters for each region are given in Table 2 . For each 5 ° × 5" grid element on the globe, estimates were made of the fraction (to the nearest 5%) of the element represented by each tectono-thermal province, and/or oceanic age group present. The estimates were made visually from the maps and references listed in the Appendix. Mean heat flow values were then computed for each element using the appropriate predictor, weighted with respect to the area of each province present.
Three examples will serve to illustrate the application of our heat flow predictor methods. In the simplest case a single tectonic province is represented in a 5 ° × 5 ° area. The predicted heat flow is then the representative value for that tectonic province, and in general will be found to be in good agreement with the observational mean, providing the latter is well established. Such is the case for the element located at 50 ° to 55°N and 35 ° to 40°E which is comprised only of Russian platform, and for which the predicted heat flow and the mean of 14 observations are both 45 mW m -2 .
The second example is drawn from 5 ° × 5 ° elements comprised of more than one tectonic province, for which the distribution of observations is widespread. Fig. 2 shows such an example from eastern North America. We estimate the element to be com- omoooc/ooo{ crepancy arises because the actual heat flow site distribution is clearly unrepresentative of the whole element; ten of the eleven sites lie within the anomaly 0-5 province, while this province represents only 10% of the grid element.
Predicted heat flow values have been computed for all 2592 5 ° X 5 ° elements and compared to 5 ° × 5°observational means wherever observations exist. The comparison is shown in Fig. 3 for the 829 elements with at least one measurement and for the 260 elements with 5 or more observations. Large differences between predicted and observed heat flow can be expected if there is only one or a small number of observations in the element (see magnitude of standard deviation for individual province heat flow, Fig. 1 ), or if the measurements are unrepresentative of the tectonic composition of the element. Fig. 4 is a histogram of density of observations per 5 ° X 5 ° element and illustrates the preponderance of poorly populated elements within the global heat flow data set. Regression correlations of predicted versus observed heat flow have been computed for several truncated data sets, with progressively higher minimum population cutoffs; agreement between prediction and observation improves consistently with increasing number of observations per element. In the next section we present the spherical harmonic analyses of the two heat flow data sets: the predicted heat flow alone; and the observed heat flow supplemented by predicted values in grid elements where no observations exist.
Spherical harmonic analysis
Each data set subjected to analysis comprises mean heat flow, observed or predicted, for all 5 ° × 5 ° elements on the surface of the globe. The spatial distribution of elements represented by observations, and which therefore contribute to the supplemented data set, is shown in Fig. 5 . The 829 elements with at least one measurement, constitute 42% of the surface area of the globe, but are unevenly distributed. Both data sets have been represented by a spherical harmonic expansion of the form: 
and are given in Table 3 . q in (3) is the 5 ° × 5 ~ mean heat flow.
The new heat flow field
The degree 12 heat flow fields derived from analysis of the predicted data set and the observations plus predictor data sets are shown in Figs. 6 and 7 respectively. The most important characteristics of both The difference between the reconstructed fields in Fig. 6 and 7 are slight. Heat flow observations in both the Red Sea-Gulf of Aden and Gulf of California regions are dominated by spatially restricted but abnormally high heat flow settings, and therefore appear in Fig. 7 as accentuated highs. The same provinces have much smaller effect when subjected to the predictor weighting procedure. In Fig. 7 the East Pacific Rise pattern is modified slightly. The southern Africa low is eliminated due to above normal heat flow' observed in the central African shield [9] .
The mean values of 61 and 59 mW m -2 for the predicted and observed plus predicted heat flow fields respectively, are comparable to earlier estimates for the mean global heat flow [3, 10] . The rms residual between the degree 12 reconstructions and the input data sets are 8 and 13 mW m -2 respectively. Areas with residuals greater than 15 mW m -2 comprise less than 19% of the area of the globe in both representations, thus indicating that most heat flow provinces have characteristic dimensions adequately represented in a degree 12 analysis. Those regions with larger residuals are recognized to be regions where strongly contrasting tectonic provinces lie in close proximity, such as the old ocean basin-island arc transitions in the western Pacific, and the ocean ridge-stable continent transitions in the vicinity of the Arabian Peninsula, Greenland, and western North America. Large residuals may also arise in regions where the general heat flow-age relationships do not apply, such as recent subduction zones [11 ] or areas of incipient rifting [9] .
The mean value of the heat flow field represented by all harmonics of degree n, calculated from: [ 12] ; A, heat flow observations alone from liorai and Simmons [3] ; O + P, observed plus predicted heat flow (this paper); P, predicted heat flow alone (this paper).
is shown in Fig. 8 for both degree 12 fields. Mean amplitude spectra calculated in the same manner are included for model A of the Horai and Simmons heat flow analysis [3] based on observations alone, and for the gravitational potential of Gaposchkin and Lambeck [12] . Our new heat flow spectra decrease gradually and almost monotonically throughout the range n = 1 to 12. The substantial difference between the new spectra and those of Horai and Simmons indicates the sensitivity of heat flow spherical harmonics to data in unsurveyed regions of the world. The different shapes of the gravitational potential spectrum and the heat flow spectrum, in particular the relative strength of the higher heat flow harmonics, have been cited [3] as evidence that the sources of regional heat flow variation are to be found relatively shallow in the earth. This difference persists in the new heat flow spectra, although less pronounced than previously observed.
Although our new approach to the global analysis of heat flow yields an improved representation of the heat flow field, we recognize limitations to the meth-31 od, related to both the predictor and to the spherical harmonic representation. First, tile use of a general Polyak-Smirnov-type predictor for continents hides the fact that even though the Mesozoic-Cenozoic distributions of heat flow values are normal in a statistical sense, they may not represent homogeneous populations; the low values having tectonic significance independent of the high values. In the United States, for example, the low heat flow which has been observed for the Late Mesozoic orogenic belt of the Sierra Nevada Mountains is not accounted for by our general predictor, but is of crucial importance in interpreting the tectonic history of the area [13, 14] . Nor does our predictor make specific use of the important linear heat flow-heat production relationships that are known for some well studied regions. However, the affected areas comprise only a small fraction of the surface of the globe, and furthermore those regions which are known to be anomalous are most likely represented by observations, in which case the predictor is suppressed. A second limitation is the smoothing introduced by the choice of a 5 ° X 5 ° element size and by truncation of the spherical harmonic expansion at degree 12. The consequence here is that patterns of heat flow variations with half wavelengths much less than 15 °, which include important tectono-thermal features such as the Sierra Nevada anomaly discussed above, will not appear in the synthesized representations.
In spite of these limitations, we believe the approach to the global analysis of terrestrial heat flow reported in this paper constitutes a significant improvement in representing the Earth's heat flow field. Furthermore we anticipate that no significant modification to this representation will be required as additional data are obtained. Alteration will be necessary only if the new data prove to be in severe disagreement with our present understanding of the relationship of heat flow to tectonic province and age of ocean floor.
